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ABSTRACT

The rate of ionic transport Lhrough perfluorosulfonic acid
membranes is set by water content within mass transfer chan-
nels of the polymer. Consequently, control of water flux
is important to control transport ratosm Experiments show
the influance of cation type on water traneport proporti-s
and on polymer physical properties. These results support
the model that channel geometries ●e detemlned by the
interaction of coulombic forcos within the membrane. Do-
scrlption of thesa traneport procosses is ●ccompllshocl
through several mathematical routes.

Ion ●XChMge membranes ●eme well ma cell separators in ●lectro-
chomlcal ●ystams used for ●nerCy conv~rsion (fuel callm) (1,2) or
chemical synthesis (especially urntar ●lectrolysis) (3). In thame ●ym-
temm, the membrane ●amaratas tho ●odci from the cathode while maln-
tainin~ high, select~vo ionic conductivity. Rfficloncy of th~se de-
vices d~ds high conductivity and, st tkm, hi~h ionic ●olectivity,
where epeclfic ionic transference numbero ●pproach uniti, During the
last decude, there has baon considorabla pro~reos in dovelopin& poly-
meric matmmial- that ●re ●ultable for this separator trek.



. .

Although ●arly work used sulfonoted polystyrene membranes, the
chem~csl mnd mechanical stability of polyperfluorosu lfonic ●cids, such
●s MJ Pent’s ~aflon class of polymers, has become increasingly at-
tractive (4,5). Ttwse ion ●xchange polymers, like their predecessor
ion exchange resins, imbibe considerable qusntikies of water. ?or
instance, ion ●xchange membranes flood with water to values of 5~, or
more, of the dry weight. However, these materials sustain mechanical
strengtts ●ven when water-filled, demonstrating ● continuous polymer
phase. Therefore, structural models show two continuous phases, one
with ionic properties similar to ●n ●queous solution, und the other
with polymer properties similar to polytetrafluoroethylene.

Ionic transport is an important parameter in membrane utilization.
Studies conclude that !ncreased moisture content (weight per cehlt) in-
creases ionic conductivity values. Membranes are readily expanded t~
imbibe ●dditional water by increasing the pretreatment temperature.
The polymer retains moisture resulting from the highest pretreatment
temperature, even when used at a lower temperature. ?lolecular trans-
por~ is ●lso important. For instance, during hydrogen-oxygen fuel cell
operation,, water is a product of the cathodic reaction. Depending upon
temperature and pressure, water will exhaust either as a liquid or a
gas, and depending upon the differential pressure acroas the membrane,
considerable water may flow from the cathodic to the ●nodic region (6).
This flow is countercurrent to both the ionic or proton flux ●nd to t>e
water flux associated with the protons. Control of water concentration
levels within the membrane requires ●n understanding of those polymer
features that control water trmuport.

The details of tramport dynamics In ionomers such ●s Uafion are
complicated because the polymer m~hology ●ppears set by the lonlc
stmctures that ●xist wlthln the polymer. Wr work, and others, sug-
gests that thcmo morpholo~ical chanmls -- those stmctural features
that ●stablish flow rates -- ● re the result of dynamic interactions
between opposing forcos within the polymer. Blaetic moduli forces ●ct
to stwcture th~ polymmr while enionic replus!on forces tend to distend
tho material. The Stabilizing forces ●m ● fumction of t@mperatum ●s
●stabliahsd by ●lastic ●oduli terns whilo the anlon!c repulsion forces
●re cet through ● different dependence on t~eratum, as described by
the Boltzmann distribution. Thus, in ● quantitative way, the tesrpera
ture influences structural paramoterb, such ma swelling, represented
by water content.

These ●arliar calculations ●lso ●stablished d~tails of cation in-
teract!om within them systma (7). In them studies, we cons~derad
th- anion-cation separation dynamics within ionomrs. Qasults, based
on statistical mechanical calculation, showed that the monovalent
cations ●re most probable ●t amll distances f- the locus of the

fixed anionic charge. In fact, •smmln~ that theso @nlonLc 8pecies ●et
the position of ● “pore wali,” then cmtlont fom ● double layer slose
to this ●me location. When tha calculation is •cc~lidted usl~
point chm~es, most probable cation locatlonc are wi.hin 0.5 X 10-@ cm



of the anionic wall position. Because this locttion As smaller than
hydrated ionic dlameterso finite-sized ions will assume different ●qul -
librium distmncas because larger Ions cannot approach the “pore wall”
as easily 86 smaller ones. This result shows that larger cations ex-
hibit less ‘screening”’ of the anionic chcrge than small cations.
(Altemstively, one could discuss inner-outer sphere coordination com-
plexes ●nd conclude that smaller cations approach the sulfonic ●cid,
anion uroups to form ● contact ion pair.) 1.4rger cations, especially
those cations that mainta~r. a large hydrated complex, ● re less ef-
fective in localizing anionic charge. In that case, the anions ex-
perience maximum interanion repulsion and tbe polymer distends.
Cations that result in contact ion pairs diminish the ●nion repulslon
forces. Then the constant modulus terms ccmt.ract the polymer to yield
a decreased “*water content*’ and c smaller molecular volume,

Most workers conc!ude that these polymers confom to generate
clusters of ions, rather like solution micelles (l). These clusters
represent both sites where high, compared to average, ionic charge oc-
curs ●nd, consequently, locations where significant fractions of water
reside. Clusters within wet polyner samples are ●xamined by low-angle
x-ray scattering or with neutron diffraction. Clusters can ●lso be ex-
amined in dry polymer samples with scanning electron microscopy pro-
vided cations such as AE+ arc introduced before dehydration. Both
of these spectral techniques lead to structural models that show ●rrays
of clusters with unifomn, periodic distribution.

These ordered ionic regions can result ●ither from statistical
variations caused during polymer sn~thoslc, such ●s ● nonrandom distri-
bution of the side chuin position on the polyfluoroethylone backbcm,
or from ordoring on ionic sltos with!n the previously fomed solid.
At p-sent, we cannot state which ●ffoct it dominmt; howmvor. we ●s-
●uma that the second is most probablo. In that cm., w mat considor
pol~r morphology, ●epocimlly predicted confomatlons of t?w solid
mtorial. Thoee polymers. perhaps llke many biopolymers, may ordor
into ● helical conformation with anionic ●id. chains mrgod to fom
ionic clust~rs. ?igure 1 depicts that ons clust~r results from ma~od
anionic groups on three ●djacent ‘coils”’ of th helical conformation.
Those on the upper turn nrgo with on. tun below, and thoso on the
next lower turn confom “upward” to form one cluster. Anion chaLn
Iongth preclud~s Bmups from dackm farther ●way than two tumm. ?M ●

thrae-level stack than loads to ● clumtor of 30-50 ●itoa, deponrling
upon the dlametar of the helix. Farther up and down the chain, othar
clu~tora fom in ● similar fashion. Thie qualitatlva repreaontation
●xplains the fomat~on of these clustora UNY their three-dimenalonal
natu-, uid ●ccounts for the measured intracluotor distmccs.

Tha ●vorago cluster ●im ●croes the ma9brane may not be unLform
during traneport ●s suwasted, for ●XQ1O, by the studios of Fabiani
●t ●l. (0,9) who ●xparLmantally maasumd ● docmmao In the charactor-
Smtk pore ●l=. with ionic concontmthn. The ●ccwning of mll
c~oe by hydrogm ions docmasom the ●lectrostatlc rwpulalva forcas



by the charged Oulfonlc ●cid groups and causes ● partial collapse of
clusters and channels. The importance of mechanochemicsl forces in
transport in charged polymerc such ● s collagen has bean revieued by
Grodzinsky (10). ilsu and Glerke (11,12) have ●tt~ted to incorporate
the variation of cluster eLze with water content, taking into ●ccount
the ●lastic energy of the polymer, but the incorporation of their re-
sults into a capillary pore transport model is not obvious.

Transport through these materials occurs through channels eel by
dynamic charge distributions and elastic strength. This paper dis-
cusses current mathematical fonnuiatlons used to predict molecular and
ion transport and presents experimental results that explore the Inter-
action of polymer morphology on these transpor~ processes.

HATHEHATICALPREDICTIONOF TRANSPORT

?iodeling the transport of hydrogen ions and water in these iono-
meric membranes normally must implicitly include polymer morphology.
The formation of ionic clusters within perfluorinated Sulfonic ●cid
membranes is now widely ●ccepted, but uncertainty exists ●bout the
ionic cluster size, the interconnectivity of the clusters, the size
●nd shape of the connecting channels, the state of water within the
pores, ●nd the manner that hydrogen ions move through the pores. It
has been ●ssumed that significant transport occurs solely in the pore
structure ●nd not in polymer-rich regions. Although most work ●ssumes
● series of regular pores, the ●ssumptions that ●re made to represent
mofnbrane morphology -st be kept in mind because they introduce ● mea-
sure of empiricism to the theoretical reeults.

Ine simplest pore stmcture consists of unifom, parallel capil-
laries that traverse the membrane frwn the anode to the cathode side;
this -rphology. however, has only limlted physical reality. When on,
considors the cluster-channel n~tuork concept, the first quwstlon of
importance 1s the characteristic pore diameter. The characteristic
pore diameter must Qccurataly repmoent the characteristic cl.mter
S!ZO, the channel size, and the interconnoct!vlty of clustere Including
dornd-md pores. At present, there 1s no smlf-consistent manner to ob-
tain ● characteristic pore size from these mass transport features.

Previou~ modeling of ion and water transport through ionir ●x-
chmge membran~s can be clamsifled into one of three categories:

1. continuum mechanics,
2. irrover-ible thermodynamics (Stmfan--ll equations), end
3. percolation theory,

Untlnuum theoriec cnn be divided into continuum-mechanical ●nd
irrevsreible thomodynamlcs modele. Application of the conLinuum-
machanical model to transport In uniform pores Im documented by
Wamttrmann-Clark and Andermon (13), who concluded from ●xperiments



that the model is quantitatively accurate fOr pores larger than 3.0 x
10-7 cm in radius end for ●queous electrolyte concentration of 0.1 El
or lower. The success of continuum ●quations, such ●s the Bernst-
Planck equat!on, for such small pores is surprising. A discussion of
the baais and limitations of the klemst-Planck equakion in ionic tr~s-
port has been given by Buck (14). He ●rgues that, when pores ●nd chnn-
nels become on the same size order as molecules, this mathematical ●p-
proach is not correct. Nevertheless, J(nh ●nd Silverman (15) hsve ●p-
plied the continuum-mechanical model to transport of hydroxyl ions in
IUafion membranes end have obtained intuitively consistent results.
Their results showed that the ionic fluxes are controlled by pore di-
mensions and pore surface charge densities. It is not known if their
results ●re fortuitous or Jf the continuum-mechanical model can be
consistently applied with success to model transport in Mafion mem-
branes where pore sizes are on the order of 1.0 to 4.0 x 10-7 cm.
In ●ddition to the noncontinuum criticism, the continum-mechanical
model is not easy to ●pply to complex pore stmctures due to un-
certainties in formulation of wall boundary conditions. This problem
might be circumvented in part by using finite element or boundary ele-
ment techniques.

Irreversible themnodynemdcs, in the form of the closely related
Stefm-Haxwell equations, have been used by Pintauro ●nd Bennion
(16,17) to obtain transport coefficients from experimental data on di-
●lysis, electrodialycis, and reverse osmosis for liaCl and water trans-
port ●cross Dafion membranes. Unlike the continuum-mechanical model,
irreversible thonmdynamics is ● continuum ●pproach that does not con-
sider microscopic information ●bout pore morphology. As in the con-
tinuum-mechanical appro~ch, the consistency of ● given pore model can
be checked with ●xperimental data to ~ive one or more characteristic
~lrical parameter that describe mo~hclogy.

Percolation theo~ has boon ●pplied by Hau ●t ●l. (11.18) to model
the threshold value of the aqueous volume fraction for which the poly-
mer flrat &comes proton conductive. In this ●pproach, the state of
interdisparsion of materiala in ● kterogeneous medium is randomly
stated. For 9afion, bitlav interdisperaion is used to represent void
(or cluster) mnd purely polymer apace. The method of ~enmratlng ●

heterogenoaus medim depmds on the choice of tossellatlon, which !s
tho juxtaposition of simLlar ●lemanta of ●ither void or polymer phaae
in ● coh~rmt pattern. H-u and Cierke (11) have used cubic t@soel-
latlon, but there ● re other possible cholcea, such u lamellar or poly-
hedron (Voronol) structures. Consequently, the choice of tessellation
involves en empiricim similar to selecting ● pore model usint th~ con-
tinuum-mechanical ●pproach.

TIM percolation rnthod h-s not been fully developed to obtain
ether trenaport parameters, ●apocially the hydraulic parnability mnd
pore ●lactricml conductivity. Similar to the cha~cterlstlc pore ●Ize
varying from ona ●Ade to the other ●ide of the -brute, the cluster
volwm fmction can ●lso vmiy ●cro9s the =~brano if ● sufficiently
lame ~redLent ●xista.



Alkhough ●ach of these ●pproaches has been used ●xtannivoly, ●

credible explanation of transport through these systems 1s lsckinB.
The central problem in ●pplying transport models to Bafion membranas
is the question of the morphology of the polymer and the intoroctlve
role water ●nd hydrogen ions play in determining mo~hology. In order
to include these variations of morphology. we have ●pproached the pro-
blem by using molecular dynamicc to ●stablish the three-dimensional
channel morphology. Once the ❑O~hOIOgy is ●stablished, continuum
models can be used to predict transport properties.

Whereas molecular dynamics have never before been ●pplied to
U~fion (to our knowledge), the method has been used ●xtensively in the
biochemical field to predict transport in biological membranes. Fraga
and Uilar (19) have used molecular dynamics to theoretically simulate
ionic transport through gramicidin A, which has naturally occurring
charged, transmembrane channels. By using molecular dynamics, we ● re
●ble to take into account the size of the water molecules, the sulfonlc
●cid side groups, and the ions within the Ilafion channel. The basic
method is to let a representative number of molecules ●nd ions move
according to the forces (electrostatic and van der Maals) operating on
them. In our calculations, soft potentials ●nd periodic boundary con-
ditions are used. Table 1 summarizes the models and the ●dvantages of
each,

SXPERIMUTAL

Mafion 117 supplied by E, I. Du Pent de Memours 6 Company,
Incorporated, is an unreinforced perfluoronated sulfonic acid ionomer,
with an equivalent weight (SW) of ●pproximately 1100 end ● dry thick-
ness of 0.018 cm. The membrme epecimens were treated before use by
boiling the hydrogen form in deionized wetar for 4 hours under 20 psig
(109”C).

Haasurements of membrane properties, such ●s thlckntss, weight,
and wetor contont, wre taken under equilibrium conditions. Sxchange
of other ions was ●ccomplished by ●oaking ● pretreated membrane in ●

1.0 U solution for 24 hours at a con~tant temperature. Membranes ware
then rinsed by sonlcating tham in W8ter for 2 hours, with ● change in
water ●very 15 minutes. Solutions of HC1, LiCl, BaCl, KC1, and CSC)
were used st 25-C.

Thicknesses tmro measured with ● digiLal thickness gauge and with
● mlcrometar. Aft-r the 24-hour equilibration prrlod, the membrane
●mple was removed from solution end ●xcess soluticn was blottad from
tho murface with filter paper. The tlrlcknoms was then memsurod in ●t
least three locations with ~th devices. After completing tk thick-
ness measuruent, we promptly weighed the membrane ●~le and mmwmd
tha dimensions. The ●mple wms tlmn plsced in ● deoiccmtor to d- ●t

25*C0 unt~l it- wlght b9C41M constant. The diffmwice in wet and dry
wmigbts mpresontecl the mambrane uater contont.



Wster removal from Bafion polymers pemits an ●valuation of mole-
cular transport Ln the absence of ●uxilimy electrolyte solutions. A
series of ●xperiments was ●ccomplished where ● water-filled polymer
sample was dried in ● flow!ng gas stream while the sample mems wm
monitored. These ●xperiments were accomplished using ● custom sample
holder that suspended the polymer within the sample chamber of ●

?lettler TC-50 thennobalance. Here, the polymer studied was In the pro-
ton form. Dry ●rgon gas (trapped to a water content of less than
1 ppm) was used for drying.

A pressure-flow apparatus was constructed to measure the effective
porosity of Wafion membranes as a function of ionic fom end tempera-
ture. This was done by monitorin6 the pressure drop across a specimen
under conditions of constant uater flow -d temperature. Figure 2
shows a schematic diagram of the system. A high-pressure, lw-flw,
precision-metering pump was used to set a continuous flow, and then
pressure on each side of the sample was monitored. fie sample was held
in a stainless steel, high-pressure flange, and the temperature within
the heated chamber was regulated to ~0.4”C. The back pressure was
maintained ut 52 ~ 0.2 psi. The experiment proceedeC until a eteady-
state value for the pressure drop wa~ achieved for ● given flow rate.

Polymer physical strengths were measured by monitoring the exten-
nlon caused by known force loads, while the mterial was submerged
under ● specified test solution and maintained ●t ● fixed temperature.
This ●pparatus (see Fig. 3) was constmcted using reinforced fiber
class to min!mize the ●ffects of foreign ions that might be released
from ferrous materials. Uet Bafion ●trips were mounted and ●llowed to
dry in the sbsenee of force, Length was recorded. The ●xperiment was
then r.-epeatod ●fter suspending mn 000 g weight, which ●otabliakd ●

conctat force, end the langth was again recoded. The sample was sub-
merged in 1 U C9C1 solution. Length was recorded M ● function of time
until no further length change was detected, The sample was ramaved
from the ●olution, rinsed with deionized water, and ●llowed to dry
without the ●pplied force. This procedure was repeated with the same
Bafion smmple for solutions of 1 l! KC1, BaCl, LiCl, and HC1, in that
ord~r. ?aaperature was maintained to @.l”C with ● circulating water
bath.

~SUMS MD DISCUSSIOU

Rxperimentu were conducted to deduce molecular flow featuws
thruu~h 9afion 117 ●amples. Of particular interest ● ro those measure-
ments that reflect channel dimensions because those values ●re necen-
sa~ input for molecular dynmmic calculations, Rqullibrium water con-
c~ntrmt,lon remulte ●re ~lven in Table 2, which ●howa properties b: wet
membranea as ● function of cation. For c~arlcon, winter contents of
●afion 125 [as rwportad by Hsu and Ciorke (11)1 and properties of the
dry polymer smi included. These data show the MI1-knoun trend of w!de
vmrlatlons in water content me the nature of the cation is ch~od.



Iricreased water content of the lower equivalent weight polymer (117)
compared with the 125 material is expected because of the incraased
number of sulfonic ●cid side chains in the 117 mntorial.

Data were determined for exploring the dehydratitin of Bafion 117,
●specially searching regions of the dryhg curve that represent stable,
hydrate reghnes. Water loss began immediately ●t room terrrperatureand

continued until about 50”C, when the rate deereased. Between 50 end
180”C, mass losses continue but ●t a slower rate. ?inally, ● steady
weight is obtained between 180 end 350”C. At higher temperatures, the
polymer began to decompose, although there was no ●violence of cherring
or loss of physical strength; rather, the material mass continuously
decreased, perhaps through an unzSpping mechaniem. If one ●ssumes that
the polyner mass ●t 180°C is the “dry” weight ●nd if one knows the
equivalent weight, the number of water molecules per aulfonic ●cid
group can be calculated. (This method of detemnin~ng water content
gives approximately the same results, within 5%, as the equilibrium
water values mentioned above becauw most (90’X) of the water exhauats
rapidly at relatively low temperatures. ) In these equilibrium ●tudies
with Uafion 117, the wet polymer reaches a condition, near SO-C, where
three water molecules remain per site. At 100”C, a single water mole-

cule, on the average, is associated with each site, perhaps becauae of
a close contact pair, R-S03H30+. Then, at higher temperatures, this
compound decomposed. There is no evidence of other specific molecular

hydrates, rather these date show a continuous water flow from the
sample with the highest rates in the region of 25-SO-C.

Water loss kinetics can be described by one of two models, ●s-
oentially l~mitod by the rate of heat tr~nsfer to the ●vaporation sur-
face or by the rate of ● uss transfer to that surface. The initial rate
of -ter loss was detelmlned ●t ●ach of three temperatures, 25, 30,
end 35*C. Uater leas rates increaaad ●s t~eraturos were increased,
but the data euggest that the loss was controlled by mess transport,
Individual semplea were rectangular, and within 1-2Z, the surface ●rea
is givm by

At - Zn/dl ,

where

At - ●urface ● rea in cm2 of the two sample sides,
m = dry polymer mass,
1 E polymer thickness, and
d = dry polymer doneity.

The water loss rate was taken ●s the slope of the weight vs. the
CUM . Results ●re glvon in Tablo 3.

Ilmse resultu chow that the product of tho initial drying rate,
mltipliod by the wet-r vlecosity, nomalized for surfaco ●ma, is ●

constant, h’. I Uator trmeport in thie caea appoare controlled by the



rate of flw through the microporous polymer. These results parallel
those that have shown water permeability rates solely influenced by
fluid dynamic parameters (vlt!coalty) ●s long ●s ionic forces within the
polymer ●m set (same pretreatment temperature and cation type).

The rate of water transport through the polymer, then, is con-
trolled by the morphology of the microporosity. This structural set
can be varied by altering the ioni~-charge distributions within the
material. This alteration is readily accomplished by changing the
cation type. One way of describing these changes is to measure an ef-
fective channel diameter by determining the fluid dynamics through a
polymer sheet. We chose to determine an effective pore radius, ‘eff ~
using the Hagen-Poiseuille equation for laminar flow (20):

r$ff =

where

v’
1=
Q’
8P=
raff =

EIPIQ/(8Ps)

viscosity,
thickness,
flow rate,
pressure drop, end
effective pore radius,

This equation calculates the effective radius of a single channel that
will sustain the measured flows. For a distributed porosity, inich as
w ●re considering here, the sver~ge pore diameter could be estimated
by dividing this value by the number of pores. As indicated in Fig. 4,
these -suits show that channel diameters ●re directly related to the
●ize of the monovalent hydrated cations. The largest hydrated ions
distend the polymer the most to give the largest ●ffective pore radii.
This linear relationship betueen cetlon size and molecular flow sug-
~eats that molecular parameters ●re set by the double layer stmcture.
Statistical aechanics results shou that cha~es ●re concentrated ●t
channel walls, end thus, w conclude that the channel geometry results
from ●lectrostatic forces. Larger cations do riot approach the channel
“wall- to the same ●xtent ● s the smaller cations. Protons, ●specially
the large hydrated Ions In these polymer systems, ●re less ●ffective
●t decreasing interenlonic repulsive forces becnuse they do not ●p-
proach the uall potential to the same ●xtent ●s smaller univalent
cations. fieoe noults ●re in general ●greement with those given by
dynamic calculations of charge distribution within polymer channels.

The phymical strength of ● polymer is intimately related to the
forces ●cting within the polymer. Theue ionomeric polymers ●re physi-
cally strong, rather like PTFI! materials. Thic morphological model is
based on the alteration of ionic forces ●ffected by changing the ●lze
of the hydrated cctions. Rlastic tiull forces rnhould reflect these

●lte-tlons for the polymar interwleculu forces need to both sustain
material stnngth and to counteract the mllinc forces, driven by the
ionic dynamlcm. Therafore this model pmdicta that the pol~r will
lose stmigth u the channel dhenelom hcrsame.



A novel series of experiments was ●ccomplished to ●xplore the

distention of the polymer ●s ● function of cation type and of t~re-
ture. These results ● re given in Pig. 5. Although quantitative con-
clusions on ●ctual forces within the polymer cannot be deduced f-
these data, results ●gain support the general concept ●bove. The poly-
mer in its distended hydrogen form is considerably weaker than when
swelling is clecreamed. The differences in mtrength ●ppear becaume of
the effectiveness in anionic repulsion screening since the forces
caused by the elastic moduli of the polymer are set with temperature.

CONCLUSIONS

These results illustrate the sham alteration of molecular trans-
port through these ionomer sheets that are caused by variation of ionic
distributions within the cluster sets. Because ionic distributions
must vary during dynamic ianic transport, we txpect that useful models
of transport will incorporate specified channel dimensions ●s a func-
tion of operating conditions.

These results corroborate those concepts suggesting that morpho-
logical channels controlling transport properties result from the in-
teraction of polymer moduli forces and ionic repulsion forces.
Uomnally, these two forces sum to form a state of tension within these
materials that establishes transport features. Molecular transport
varies directly with the hydrated cation size. It ●ppears that
❑oistum floods into the interior of these materials until the svail-
able porosity is water filled. l’hemobalance data show that water ●x-
hauots, ●ven ●t room t~erature, ●t rates sot by the channel size. At
higher temperatures, water concentrations result from a sum of local-
ized generation and discharge rates. Thus, ●lthough water contont is
● function of mwelling, ionic forces set the mwelling cxtont, not the
moisture content. Mater content is a ‘dynamic psrameter sat by fluid
dynamic rates.

Modelo thet .xPlain transport through thsse materials ●hould in-
clude the ●ffocts of channel faature variations on the mass transport
process. This now ●ppears feasibla because molecular dynamics models,
based orI sensible ●ssumptions of channel ~eometries, cm sarv. ● s the
base for ●stablishing channel dimensions. Once these are known in a
spatially dependent way, set by the currmt and transport rates, than
●xisting formulations of continuum mechanics will 8ive ● d>mamic pic-
ture of transport through these polymers. Work on this subject will bs
tho topic of future papers.
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TABLE 1: SUHMARYOF APPROACHESFOR TRAMSPORTMODELING

~=HOD ADVAJITACE!?._

Continuum Theories; Hell estaibl~shed; ease of

cont~nuum-mechan ~cal and courputatlon; for a66umecl pore
irreverB~ble thennodynam~cs geometry, transport parameters

models can be derived from direct
experiments and compared with
predictions.

Percolation Tt,eory Method for generating random
heterogeneous media; predicts
critical pore volunw fraction
for conduction to occur,

Molecular DYnBKIiC6 Incorporation of noncontinuum
●ffects; inco~oration ~f com-
plex pore structures.

TABLE2: PHYSICAL PROPERTIES OF WIT POLYMER (UAFION) AT 25°C

Cation Thickness Density v/w% H20 W/ti H20

(cm x 102) (g/cm3) Mnfion 117 liaflon 125

H+
.—

2.41 1.46 45,0 33.6
Li+ 2.23 1.56 40.4 29.7
Ba+ 2,16 1.76 36,6 21.0
K+ 2,03 2.01 25.2 8.7
c-+ 1.91 2.11 10.7 5.9
w (dry) 1.80 2.10

TABLE 3: IUITIAL RATES OF WATISR~OVAL FROH UA?IOU 117 (Ill DRYAROOU)

Taupuratun, oC 25,0 30.0 35.0

Wstor Lo9B Rata, lnol/B x 106 1.34 1.42 1.63

Uatar Viscosity, cp 0.880 0,800 0.741

Area, Clh2 4.99 4,82 4.73

k’a x 107 2.4 2,4 2.6

Q k’ ●howa tho (water lomm rat9 x ●reu)/(viscosity) valu~. —



Fi6Ur~ 1: Helical Conformation of Perfluorosulfonic Acid Polymers.
This sketch represents a helical conformation of Uafion-like polymers.
Polymer chains coil, moving the pendant ionic groups to ●lternative
clusters that focus at every third deck in the helical coil. Cations
are not shown.
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FLgure 2: P-ssurizod Ponaeabillty Instrument: Solvont (water, ●tc.)
is -ed with known flow rat~ through mambrana apocimon with cross
●octional area, A. Upctroam and clown-tram pm-sure meamirommts do-
tornino membrane pr--uro drop. Apparetus Permit@ tqorature studios
between ambient and 150”C and pressures from 1 to 50 ●tmoaphores.
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Figure 3: Polymer IKlongation Instrument: Pretreated polymer sample
is clamped between caliper jaws and sample size measured as fixed force
is ●xerted by a weight (O to 1000 g). Sample clamp is constmcted from
polymeric materials to minimize corrosion and ioI~ic contamination.
Control can vary from ambient to boiling point te~oratures.
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P@M’e 4: Bffoctive Pore Radiuc Contrasted to Hydrated Cation S!ze.
Romlts show calculated pore radms, the radius of a •ln~le pore th~t
suotmhs measured hydraulAc flow through polymer, contrasted to hy-
tlratod cation she. Actual pore ~ocmetrlos ● e dotemined by divldi~~
the ●ffoctive radium by the number pora donaity.
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Figure 5: Polymer Elastic Modulus: Results show relative extension
for a single polymer sample in each of four cationic forms tind ●t two
temperatures. Experimental procedure is described in text.


